Stearoyl-acyl carrier protein (ACP) desaturase (EC 1.14.99.6) catalyzes the principal conversion of saturated fatty acids to unsaturated fatty acids in the synthesis of vegetable oils. Stearoyl-ACP desaturase was purified from developing embryos of safflower seed, and extensive amino acid sequence was determined. The amino acid sequence was used in conjunction with polymerase chain reactions to clone a full-length cDNA. The primary structure of the protein, as deduced from the nucleotide sequence of the eDNA, includes a 33-amino-acid transit peptide not found in the purified enzyme. Expression in Escherichia coli of a gene encoding the mature form of stearoyl-ACP desaturase did not result in an altered fatty acid composition. However, active enzyme was detected when assayed in vitro with added spinach ferredoxin. The lack of significant activity in vitro without added ferredoxin and the lack of observed change in fatty acid composition indicate that ferredoxin is a required cofactor for the enzyme and that E. coli ferredoxin functions poorly, if at all, as an electron donor for the plant enzyme.
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Membrane fluidity and function are greatly influenced by the ratios of saturated to unsaturated fatty acids in the membrane lipids. In plants (1) and bacteria (2) , the saturated fatty acids are synthesized in two-carbon increments as acyl thioesters of acyl carrier protein (ACP). In enteric bacteria such as Escherichia coli, the primary unsaturated fatty acids are cis-All C18:1 (vaccenic acid) and cis-A9 C16:1 (palmitoleic acid). Vaccenic and palmitoleic acids are synthesized by elongation of precursor monounsaturated acyl-ACPs; the saturated 16-and 18-carbon fatty acids (palmitic and stearic acids) are synthesized from precursor saturated acyl-ACPs. In higher plants, however, the unsaturated 16-carbon transhexadec-9-enoic acid and 18-carbon oleic acid (cis-A9 C18:1) are formed directly from palmitic and stearic acids esterified to specific glycerol lipids or to ACP (3) . These reactions take place in the chloroplast (or proplastid in nonphotosynthetic tissues). Further double bonds are introduced into the monounsaturated acyl-lipids, typically at the 12 position followed by desaturation at the 15 or 6 positions of the diunsaturated species; saturated acyl groups generally do not serve as substrates for desaturation at the 6, 12, or 15 position in the carbon chain. Thus in higher plants, the ratio of saturated fatty acids to unsaturated fatty acids in membrane lipids is directly regulated by the enzymes that catalyze the conversion of saturated species to monounsaturated ones.
Our interests lie in the regulation of the enzymatic steps in higher plants that determine the relative amounts of specific saturated and unsaturated fatty acids in neutral storage lipids. Unsaturated fatty acids in seed oils are predominantly 18 carbons or more in length and are derived by a series of enzymatic steps following the conversion of stearoyl-ACP to oleoyl-ACP. Stearoyl-ACP desaturase (EC 1.14.99.6) is therefore a necessary enzyme in the synthesis of unsaturated fatty acids in seed oils. In this study, we describe the purification of stearoyl-ACP desaturase from immature safflower embryos, determination of amino acid sequence ofthe enzyme, isolation of a corresponding cDNA, and derivation of the primary structure of both the precursor and mature enzymes. ¶ Through use of the cloned gene to express an active enzyme in E. coli, we confirm that the gene encodes stearoyl-ACP desaturase and show that ferredoxin is a necessary cofactor (4, 5) .
MATERIALS AND METHODS
Materials. Chemicals and cofactors used in the enzyme assay, including bovine serum albumin, catalase (twice crystalized from bovine liver), spinach ferredoxin, ferredoxin: NADP+ oxidoreductase (spinach leaf), and NADPH, were from Sigma. [9,10(n) -3H]Stearic acid was obtained by reduction of [9,10(n)-3H]oleic acid (NEN) with hydrazine hydrate as described by Johnson and Gurr (6) . ACP was isolated from E. coli strain K-12 (Grain Processing, Muscatine, Iowa) as described by Rock and Cronan (7) . The desaturase assay substrate, [9,10(n)-3H]stearoyl-ACP (100 mCi/mmol; 1 Ci = 37 GBq), was prepared from [9,10(n)-3H]stearic acid and E. coli ACP by using the enzymatic synthesis procedure of Rock et al. (8) .
Enzyme Assay. Stearoyl-ACP desaturase activity was determined by measuring the enzyme-catalyzed release of tritium from [9,10(n)-3H]stearoyl-ACP as described by Talamo and Bloch (9) . Each assay was prepared by mixing 5 ILI of dithiothreitol (100 mM), 10 .ul of bovine serum albumin (10 mg/ml), 15 ILI of NADPH {25 mM, freshly prepared in 0.1 M N-[tris(hydroxymethyl)methyl]glycine (Tricine) HCl, pH 8.2}, 25 .l of spinach ferredoxin (2 mg/ml), 3 1.l of ferredoxin:NADP+ oxidoreductase (2.5 units/ml), 1 .l1 of catalase (800,000 units/ml), and 150 p.l of water. After 10 min at room temperature, this mixture was added to a 13 x 100 mm screw-cap test tube containing 250 p.l of sodium 1,4-piperazinediethanesulfonate (Pipes; 0.1 M, pH 6.0), and 10 Al ofthe enzyme sample to be assayed. The reaction was started by addition of substrate, 30 pl of [9,10( Library Construction and Screening. mRNA was isolated from polyribosomes of developing safflower seeds by the method of Jackson and Larkins (11) as modified by Goldberg et al. (12) . A cDNA library was made in the plasmid cloning vector pCGN1703 as described (13) . pCGN1703 is similar to vectors described by Alexander (13) but contains different polylinker cloning sites (14) . The cDNA bank contained approximately 4 x 106 clones with an average cDNA insert size of 1000 base pairs. The bank was amplified by growing a culture of pooled E. coli containing the cDNA clones and isolating plasmid DNA. This DNA served as template for polymerase chain reactions (PCRs) with degenerate primers (15) . Oligonucleotide primers were synthesized on an Applied Biosystems DNA synthesizer model 380A. Reactions were run on a Perkin-Elmer/Cetus DNA thermal cycler using a thermocycle program of 1 min at 940C, 2 min at 420C, and a 2-min rise from 420C to 720C for 30 cycles; followed by 10 cycles of 1 min at 940C, 2 min at 420C, and 3 min at 720C with increasing 15-sec extensions of the 72°C step; and a final 10-min 72°C extension.
To facilitate library screening, plasmid DNA from the safflower cDNA bank was digested with the enzyme EcoRI and ligated into EcoRI-predigested and phosphorylated AgtlO arms (Stratagene). Cloning of DNA sequences, radiolabeling of DNA, and screening of phage libraries were done using standard techniques (16) . DNA sequence was determined by the method of Sanger et al. (17) using dideoxynucleotides; both strands were sequenced. DNA sequence data were analyzed by using IntelliGenetics software.
E. coli Expression Analysis. Stearoyl-ACP desaturase was subcloned in the E. coli expression vector pET8c (18) . The mature coding region (plus an extra Met codon) of the desaturase cDNA with accompanying 3' sequences was inserted as an Nco I-Sma I fragment into pET8c at the Nco I and BamHI sites (the BamHI site had been treated with the Klenow fragment of DNA polymerase) to create pCGN3208. The plasmid pCGN3208 was maintained in E. coli strain BL21 (DE3), which contains the T7 polymerase gene under the control of the isopropyl f3-D-thiogalactopyranoside (IPTG)-inducible lacUV5 promoter (18) .
E. coli cells containing pCGN3208 were grown at 37°C to an OD595 of -0.7 in NZYM broth (16) containing 0.4% glucose and 300 mg of penicillin per liter, and then induced for 3 hr with 0.4 mM IPTG. Cells were pelleted from 1 ml of culture, dissolved in 125 ,ul of SDS sample buffer (10) , and heated to 100°C for 10 min. Samples were analyzed by SDS/PAGE at 25 mA for 5 hr. Gels were stained in 0.05% Coomassie brilliant blue/25% (vol/vol) isopropyl alcohol/ 10% (vol/vol) acetic acid.
For activity assays, cells were pelleted at 14,800 x g for 15 min, resuspended in 20 mM potassium phosphate at pH 6.8, and broken in a French press apparatus at 16,000 psi (110 MPa). Debris was pelleted at 5000 X g for 5 min. The supernatant fraction was applied to a Sephadex G-25 centrifugal gel filtration column (Boehringer Mannheim) equilibrated with 20 mM potassium phosphate at pH 6.8. Columns were centrifuged for 4 min at 5000 x g. The effluent was collected and used as enzyme source in the desaturase assay described above. This protocol resulted in a 900-fold increase in specific activity over the acetone powder extract, and the product appeared homogeneous by standard SDS/PAGE analysis (10). However, analysis by gel electrophoresis under nonreducing conditions or by reverse-phase HPLC revealed the presence of a major contaminant. Peptide sequence homology to other albumins (unpublished results) indicated that the contaminant was a seed-storage albumin. Reverse-phase HPLC was used to remove the contaminant so that the final preparation contained a single silver-stained protein band of approximately 40 kDa by SDS/PAGE, with or without reducing agent. It was not possible to identify this protein positively as desaturase or to determine specific activity because activity was lost during this step. Partial amino acid sequence of the purified 40-kDa protein was determined from four separate proteolytic digests. Fig.  1 shows these sequences assembled into 11 fragments by using overlapping peptides from the different digests. Fragment F1 was deduced to be the N-terminal fragment as two different proteolytic cleavages, with Lys-C and Glu-C, each yielded peptides beginning with the same sequence (Ala-SerThr-Leu-Gly-Ser-Ser-Thr-Pro-Lys). This deduction was supported by N-terminal sequence data from undigested enzyme, although extremely low initial yields in the Edman A FIG. 1. Amino acid sequence determined for purified safflower stearoyl-ACP desaturase. Each fragment (F1 to F11 in order found in the cDNA) represents a synthesis of sequence information from peptides originating from different proteolytic digests (endoproteinase Lys-C, endoproteinase Glu-C, endoproteinase Asp-N, trypsin), which have been matched and aligned as indicated, and then ordered as they ultimately were found in the cDNA (see Fig.  3 ). The bars representing each peptide have different shading patterns as indicated, to show their proteolytic origins. Some bars are interrupted to show a specific amino acid; this is to indicate positions where a second amino acid was detected, or where there were differences between peptides that otherwise had the same sequence. Such multiplicities or differences might arise from impurities in the peptides or from microheterogeneity of the protein. The IUPAC oneletter code for amino acid residues has been used. A hyphen indicates a cycle in which it was not possible to identify a residue, either because no signal was detected or because there were too many signals in that position.
degradation suggested that most of the protein was blocked at the N terminus.
Cloning of a cDNA for Safflower Embryo Stearoyl-ACP Desaturase. mRNA was isolated from safflower embryos collected 14-17 days after flowering. During this period of embryo development, seed oil was accumulating in the cotyledons and the stearoyl-ACP desaturase activity was easily detected in crude extracts. A cDNA bank was prepared from this mRNA by the method of Alexander (13) . Amplified DNA from this bank was utilized as templates for PCR experiments.
PCRs were used to generate a DNA encoding part of stearoyl-ACP desaturase. Oligonucleotide primers were designed from amino acid sequences contained in the peptide fragment F2 (Fig. 2) . The PCR product including the primers was predicted to be 107 base pairs, sufficiently large to detect on a 1.5% agarose gel. Separate reactions utilizing combinations of the degenerate sense and antisense primers resulted in products of the expected size. This indicated that exact homology may not have been necessary for initiation of the PCR. DNA sequence analysis of a cloned product from the 13-4/13-5a PCR reaction indicated that the amplified DNA encoded the F2 peptide region as shown in Fig. 2 . A 50-nucleotide sequence (DESAT-50: 5'-GTAAGTAGGT-AGGGCTTCCTCTGTAATCATATCTCCAACCAAAA-CAACAA-3') matching the noncoding strand of part of the PCR product was synthesized to screen the safflower embryo cDNA bank. 
TCG ATG CCC GCA CAC TTG ATG TAC GAT GGG CGT GAT GAC AAC CTC TTC GAA CAT TTC TCG GCG GTT GCC CAA AGA CTC GGC GTC TAC ACC GCC AAA GAC TAC GCC GAC Ser MET Pro Ala His Leu MET Tyr Asp Gly Arg Asp Asp Asn Leu Phe Glu His Phe Ser Ala Val Ala Gln Arg Leu Gly Val Tyr Thr Ala Lys Asp Tyr Ala Asp Fig. 1 ). Such sequences may indicate the possibility of other desaturase genes, or they may be from minor contaminants in the sequenced peptides.
Forty-five thousand phage plaques were screened with the oligonucleotide probe DESAT-50. Of 16 plaques hybridizing to the probe, 2 were isolated and characterized as cDNA clones in pCGN1703. Both clones represented mRNAs transcribed from the same gene on the basis of identical 3' untranslated DNA sequences. The longer of these, pCGN-2754, was completely sequenced from both strands. The 1533-base-pair DNA sequence, not including the 3' poly(A) sequence, is shown in Fig. 3 promoter and transcription terminator (18) . The predicted 40-kDa protein was easily discerned in gel profiles of total proteins from E. coli containing pCGN3208 (Fig. 4) These experiments verify that the cloned insert of pCGN2754 does encode the stearoyl-ACP desaturase and that the protein purified from safflower embryos by the protocol of McKeon and Stumpf (5) represents authentic stearoyl-ACP desaturase.
Requirement for Ferredoxin and Similarity to Other Desaturases. Minimal activity was detected in E. coli extracts unless spinach ferredoxin was added exogenously. Moreover, even though (i) our enzyme assay uses stearoyl-ACP in which the ACP is isolated from E. coli, (ii) E. coli synthesizes stearoyl-ACP at least in trace amounts (2) , and (iii) oleate can be incorporated into E. coli lipids (21), we can detect no oleic acid in E. coli expressing relatively high levels of stearoyl-ACP desaturase. E. coli cells do contain ferredoxin, but its function and structure are not well understood (22) . Apparently, E. coli ferredoxin is not an efficient electron donor for the safflower stearoyl-ACP desaturase. This apparent specificity for plant ferredoxins could be tested by adding purified ferredoxins from E. coli and other sources to extracts from E. coli containing pCGN3208.
We detected no significant homology between the safflower stearoyl-ACP desaturase amino acid sequence and that of the rat stearoyl-CoA desaturase (23) , which catalyzes the analogous conversion of stearoyl-CoA to oleoyl-CoA. This suggests independent evolutionary origins for these enzymes. Other "oxygen-requiring" desaturases are also found in cyanobacteria (24) and certain strains of Pseudomonas (25) ; it will be of interest to see if these resemble the stearoyl-ACP desaturase of higher plants and if forms of ferredoxin found in these prokaryotes can serve as functional electron donors for stearoyl-ACP desaturase. The other desaturases in plants appear to be membrane-bound (1); their similarity to the soluble stearoyl-ACP desaturase has not been shown.
Plasmid pCGN3208 provides the means to produce not only native enzyme but also enzymes modified by sitespecific mutagenesis of the cloned gene. These studies will be essential to understand active site mechanisms and the relationship of structure to function for desaturase enzymes. In addition, cloned genes will allow alterations of in vivo levels of enzyme activity in transgenic plants (26) (27) (28) (29) for examination of the role of stearoyl-ACP desaturase in determining total unsaturated fatty acid content.
